Abstraet-The principle and kinetics of enzyma~ic cycling are described. The enzymatic cycling reaction is catalyzed by a couple of enzymes and amplifies stoichiometrically a pair of substrates participating in the reaction. Many biological substances can be converted quantitatively to substrates that can be amplified and measured by cycling reactions. Three cyclings in routine use (NAD, NADP and CoA cyclings) are surnmarized and compared. Each cycling provides an amplification of more than 10,000 times per hour and the combination of these cyclings (double and triple cyclings) results in an even larger gain in sensitivity. Theoretically single molecules can be measured by using the triple cycling. As examples, the determination of ATP and acetylcholine synthesizing enzyme (choline acetyltransferase, EC 2.3.1.6) are described.
INTRODUCTION
The 11 enzymatie eyeling 11 is a microdetermination method to measure 1ess than 10-15 mo1es of bio1ogica1 substances, by means of coup1ed enzymatic reactions. Origina11y this method was deve1oped in 11 Neurochemistry 11 ( biochemistry of centra1 and perifera1 nervaus system ). The centra1 nervaus system is composed of nerve ce11s(neurones ), three kinds of g1ia1 ce11s, and endotheria1 ce11s in capi11ary nets. These components are interming1ed and form the comp1icated structure of the centra1 nervaus system. Because of this comp1icated structure, the ana1ysis of a mass of nervaus tissue does not provide a c1ear view of biochemica1 characteristics belanging to each kind of cell, especially neurones. To obtain the clear view, an analysis of a single cell has been undertaken by many workers, who have made efforts in developing several microdetermination methods. The enzymatic cycling is one of these methods, but is interesting in general since this method is applicable for ana1yzing even single molecules of bio1ogical substances and enzymes.
ENZYMATIC CYCLING
CoA cyc1ing ( Fig. 1, Ref. 1 ) , one of the enzymatic cyc1ings avai1ab1e at present, is taken as an examp1e to exp1ain the princip1e and kinetics of enzymatic cyc1ing reactions.
Prineiple
In the presence of acety1-P and oxalacetic acid in excess, CoASH is acetylated by PTA to acety1-CoA with production of an amount of Pi equal to that of CoASH. Acetyl-CoA is subsequently deacylated by CS and returns to CoASH, producing citrate in the same amount as that of original CoASH. One thousand reactions in cyclic fashion accumulate Pi and citrate in an amount exactly (stoichiometrically) one thousand times that of original CoASH.
Citrate is converted quantitatively to a-ketoglutarate by the following two enzyme reactions in the presence of excessive NADP+, and the fluorescence of NADPH is determined. 
Kinetias
The symbols, given in the parentheses in Fig.l , are used to explain the kinetics of cycling reactions. In the cycling reaction, the following three conditions must be met: 1) the concentrations of Sa and Sb are higher than the Michaelis constants ( Km's) of the enzymes Ea and Eb for these Substrates; 2) the concentrations of A and B are considerably lower than the Kro's of Ea and Eb for these substrates; 3)the concentrations of Ea and Eb are sufficiently low. Under these conditions both reactions are of the first order with respect to A and B; the first-order reaction rate constants are given as Ka and Kb:
The solution of these differential equations is given by equations (3) and (4) wherein (3) Ao and Bo are the concentrations of A and Bat t = 0, and C = A + B ( constant ).
(4)
The values of ka and kb are more than 10 min under the experimental conditions for the cycling reactions anti e-( ka + ~)t approaches 0 rapidly after the reaction starts. Then A and B become constant and equal the first terms in the above equations immediately after the reaction starts ( steady state ). The ratio of A toB in the cycling reagent equals the ratio of kb to ka in the steady state. The concentrations of products are given as follows:
These equations indicate that the cycling reaction amplifies A and B to the same extent and that the amounts of products are the same and proportional to the sum of the concentrations of both substrates. The amount of product is also proportional to the reaction time. The coefficient kc as in expressed equation (6) is the cycling rate or amplification rate.
Under the three conditions as above, ka and kb are in proportion to the concentrations of Ea and Eb respectively. Therefore the cycling rate k is proportional to the concentrations of both cycling enzymes. However the enzymes bind th~ substrates A and B to catalyze the reaction and the concentrations of free substrates diminish when the enzyme concentrations increase. This binding reduces the cycling rate at the higher concentrations of enzymes and the cycling rate levels off finally. As a result, each cycling reaction has its own maxirnum cycling rate ( see Table 1 ). The kinetics at the higher concentrations of enzymes were described in detail by S.Cha and C.
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..c: ' "' -1< =E-< 0 x 1023, Avogadro number), even one molecule of substrate is measurable by using triple cycling. Thus sensitivity of the cycling reaction system is theoretically limitless, The three cyclings listed in Table 1 are avialable to determine a vast number of biological substances and enzymes as described below. In addition to these cyclings, adenylate and guanylate cyclings ( Ref. 7 and 8) were devised and used to amplify and measure cyclic AMP and cyclic GMP respectively. These cyclings cannot be applied to determine other substances.
Kinds of eyeling reaetions

DISCRIMINATING MEASUREMENT OF SUBSTRATES
One of the substrates A and B of the three cyclings in Table 1 can be easily eliminated with preservation of the other substrate prior to the cycling reactions. This discrimination makes it possible to measure each substrate separately and results in expanding the application range of these cyclings.
NAD(P)+ and NAD(P)H
The oxidized form is stable in the acidic Solution ( pH -1 ), but the reduced form is destroyed instantly at the acidic pH. Incontrast, the reduced form is fairly stable in the alkaline solution ( pH 13-14 ), and the oxidized form is very unstable under this condition ( Ref. 9 ) . In or~er to eliminate NAD(P)+ from the mixture of both forms, the pH of the mixture is adjusted to 14 by adding sodium hydroxide. The mixture is then heated for 15 min at 60°C. NAD(P)H can be easily eliminated by adjusting the pH of the mixture to pH 1 with hydrochloric acid. The desired form is preserved almest completely in both cases.
From the mixture of CoASH and acetyl-GoA, CoASH is eliminated by forming thiol ether with NEM ( N-ethylmaleimide, Fig. 2 ( Fig. 2, B To the popcorn ball, the mixture of CoASH and acetylCoA is added and allowed to stand for 10 min at 20°C. Examples of suitable amounts of CoASH, acetyl-CoA and disulphide are given in Fig.3 . After all CoASH forms disulphide with the Sepharose conjugate, the popcorn ball is washed five times with times volume of Tris-HCl, pH 7.5 as much as that of the Sepharose beads. The washing buffer is sucked up completely and the popcorn ball is made to stick to the tip of a micropipette under light suction made with the mouth from the other orifice of the pipette. The Sepharose beads are in this way transfered into the cycling reagent ( 50 ~1 ) containing 10 mM DTT and the cycling reaction is carried out to amplify the liberated CoASH.
APPLICATION FOR ASSAYING BIOLOGICAL SUBSTANCES
Because of the discriminating methods for the coupled substrates in NAD, NADP and CoAcyc1ing reactions, these cyclings have a wide range of app1ication. NADP cycling c~n be utilized to determine a small amount of ATP, which is converted to an equal amount of NADPH by using the following series of reactions.
ATP + glucose -( hexokinase )+ glucose-6-P + ADP g1ucose-6-P + NADP+-( g1ucose-6-P dehydrogenase )+ 6-P-gluconate + NADPH + H+ NADP+ and glucose are added to the reagent in excess and hexokinase and glucose-6-P dehydrogenase are used as auxiliary enzymes. After NADP+ is eliminated as described above, NADPH formed is amplified and measured by NADP cycling. These reactions are called "Conversion Reactions". When excessive glucose, ATP and NADP+ are added with glucose-6-P dehydrogenase in the conversion reaction reagent, the hexokinase activity in impure enzyme sources like tissues can be determined.
As an example to utilize CoA cycling, the determination of choline acetyltransferase ( EC 2.3.1.6 ) is explained.
cho1ine + acetyl-CoA -( choline acetyltransferase )+ acetylcholine + CoASH
In the presence of choline and acetyl-CoA in excess, choline acetyltransferase in tissue produces acetylcholine and CoASH in equal amounts. Acetyl-CoAis eliminated as above and CoASH formed is amplified and assayed by using CoA cycling ( details will be given elsewhere ) • In previous assay methods, 14c or 3H-labelled acetyl-CoA has been used as substrate and the product, labelled acetylcholine, had to be separated chromatographically or by selective precipitation prior to the radiometric assay. But in the present assay, the preliminary separation of CoASH is unnecessary because of the selective amplification of the small amount of the product. All biological substances which are intermediates, or catalysts for metabolic pathways, in which NAD, NADP, CoASH and acetyl-CoA are involved as coenzymes can be determined by cycling reactions.
